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Abstract
This experimental study investigates the use of alkaline and alkaline-polymer solutions for the
mobilization of former manufactured gas plant (FMGP) tars. Tar-aqueous interfacial tensions
(IFTs) and contact angles were measured, and column flushing experiments were conducted.
NaOH solutions (0.01–1 wt.%) were found to significantly reduce tar-aqueous IFT. Contact angles
indicated a shift to strongly water-wet, then to tar-wet conditions as NaOH concentration
increased. Column experiments were conducted with flushing solutions containing 0.2, 0.35, and
0.5% NaOH, both with and without xanthan gum (XG). Between 10 and 44% of the residual tar
was removed by solutions containing only NaOH, while solutions containing both NaOH and XG
removed 81–93% of the tar with final tar saturations as low as 0.018. The mechanism responsible
for the tar removal is likely a combination of reduced IFT, a favorable viscosity ratio, and tar bank
formation. Such an approach may have practical applications and would be significantly less
expensive than surfactant-based methods.
Introduction
Former manufactured gas plants (FMGPs) were common in the U.S. and Europe between
the early 1800s and the 1950s. These plants produced coke or town gas, a flammable gas
that was used primarily for heating and lighting. The U.S. Environmental Protection Agency
(EPA) estimated that there were between 36,121 and 55,001 FMGPs and related tar and gas
processing facilities in the U.S. (1). The vast majority of these sites are suspected to have
had releases of solid and liquid waste products, including tars, cyanide-bearing purifier
waste, slag, and coke (1–3). The tars, which contain thousands of individual compounds,
including many known or suspected carcinogens, are frequently the focus of remediation
efforts at FMGPs (4). Polycyclic aromatic hydrocarbons (PAHs), hydrocarbons composed of
two or more fused aromatic rings, are the dominant class of compounds in tars (5–8).
Asphaltenes, operationally defined as the short-alkane insoluble fraction, are another
important component of tars and may account for up to 36% of total tar mass (9, 10).
Asphaltenes are suspected to play a key role in tar interfacial behavior (10–16).
Once released into a porous medium system, tars migrate downward by gravity, and because
they are denser than water, can move down through the water table until reaching a
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confining layer (e.g., silt or clay). As the tar migrates through a porous medium, capillary
forces act to trap isolated globules of tar in pores, creating a zone of residual saturation.
FMGP tars’ tendency toward NAPL-wetting conditions results in higher residual saturations
than other denser-than-water NAPLs (DNAPLs), such as chlorinated solvents (3, 17).
FMGP tars are persistent in the environment due to their resistance to chemical and
biological degradation and the relatively low solubilities of many of the chemical
constituents in these complex mixtures. The U.S. EPA estimated the per site clean-up costs
in the millions of dollars, and a cumulative total of $128 billion for all of the FMGP and
related sites in the U.S. (1). A number of strategies have been applied or investigated for
MGP tar remediation including containment, excavation, natural or enhanced
bioremediation, extraction by pumping (with or without the use of chemical additives),
chemical oxidation, and thermal methods (1, 3, 18–27).
Mobilization approaches are attractive alternatives for the remediation of NAPLs since they
are less restricted by site access limitations than other methods. The basic principle behind
such methods is to reduce the forces trapping the NAPL in the porous media. NAPL droplets
are trapped in porous media when capillary forces are greater than the pressure acting on the
drop. The capillary number (NC) is a dimensionless number that represents the ratio of
viscous forces to capillary forces, and for vertical flow it is defined as follows (28):
(1)
where qα is the magnitude of the aqueous phase Darcy velocity, μα is the aqueous phase
viscosity, θ is the contact angle, and σαn is the interfacial tension (IFT) between the aqueous
and NAPL phases. When buoyancy forces are expected to be important, NC may also be
combined with the bond number (NB) to arrive at the trapping number (NT), which, for
vertical flow, is defined as follows (28):
(2)
where k is the intrinsic permeability, krα is the relative water permeability, g is gravitational
acceleration, and Δρ = ρα − ρn, where ρα and ρn are the aqueous and NAPL phase densities.
When Δρ is small, as is the case for many FMGP tar-water systems, the contribution of NB
is negligible relative to NC. It has been well established that residual saturation is a
decreasing function of the trapping number (28, 29). The goal for a mobilization-based
remediation technique is to increase NT, which is typically accomplished by reducing σαn
by adding cosolvents or surfactants to the aqueous flushing solution, or by increasing the
flow rate. The addition of polymers, such as xanthan gum (XG), to increase μα is common
in the petroleum industry for enhanced oil recovery (EOR) applications (30), but has seen
less use in the remediation field. Investigations of the effect of viscosity on remediation
efficiency have tended to focus on the viscosity ratio (κ = μn/μα) alone, rather than in
relation to capillary forces. Giese and Powers (31) performed creosote and synthetic NAPL
flushing experiments with XG solutions under NAPL-wet conditions, and found that
solutions with κ = 0.1 resulted in final NAPL saturations roughly half those obtained when
using solutions with κ ≥ 1. Tzimas et al. (32) reported a similarly strong impact for other
NAPLs. Some researchers have found that NCκm, where m is determined by fitting to
experimental data, correlates with residual NAPL saturations better than NC alone (33). The
proposed reason for this is that μn, which is not accounted for in the formulation of NC,
impacts NAPL entrapment processes (i.e., snap-off).
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The use of alkaline agents to reduce IFT was developed by petroleum researchers for EOR
applications. When exposed to high pH aqueous solutions, organic acids in crude oils
become ionized, forming natural surfactants that significantly reduce the NAPL-water IFT
(34–37). One of the major advantages of this approach is cost: commonly used alkaline
chemicals, sodium hydroxide (NaOH) and sodium carbonate (Na2CO3), are readily available
and inexpensive compared to other flushing chemicals such as surfactants (38, 39). From a
remediation perspective, an additional benefit is that both NaOH and Na2CO3 are designated
as “generally recognized as safe” by the U.S. FDA and used widely as food additives (40).
The feasibility of applying such alkaline-based approaches to the remediation of FMGP tars
has not been explicitly investigated; however, it has been shown that when exposed to high
pH solutions, FMGP tars exhibit lower NAPL-water IFT and have a decreased tendency to
wet porous media (10–16). This evidence suggests that acidic species are present that react
to form surface active compounds, and that alkaline flushing may be effective for tars.
Two field trials of alkaline-surfactant-polymer (ASP) flushing have been conducted on
wood-treating creosote, a DNAPL with similarities to, but important differences from,
FMGP tars. One of the trials failed due to injection problems and insufficient site
characterization, while the other trial successfully removed 84.3% of the residual creosote
(41–43). The latter study, however, used a five-stage sequence of chemical flushing
solutions and relied more on the use of surfactants than alkaline agents. The surfactant
concentration in the main flushing solution was 1.4% while the pH was only 9.2; alkaline
flushing solutions for EOR applications are typically above pH 12 (30).
The objectives of this work are: (1) to assess the impact of NaOH solutions on the IFT and
contact angle of FMGP tars, (2) to conduct column experiments to assess the potential for
the use of such solutions to remediate FMGP tars, and (3) to assess the impact of the
remediation on dissolved phase concentrations of 15 PAHs.
Materials and Methods
All solvents used were ACS Reagent grade or better (Fisher) and water was distilled and
deionized (DDI). Stock solutions of 10% NaOH (99.8%; Fisher Scientific) and 5% XG (MP
Biomedicals) were prepared and used to make all subsequent solutions for IFT, contact
angle, and flushing experiments. The buffer solution was made by dissolving appropriate
quantities of NaH2PO4 and Na2HPO4 in DDI and titrating to pH 7 to produce a 100 mM
stock solution. This solution was diluted to 1 mM, and NaCl was added to adjust the ionic
strength to 10 mM. The tar used for this study was a tar, believed to be a carburetted water-
gas tar, collected from a well at an FMGP in Baltimore, Maryland, USA. Measurements of
pH were made with an Orion Research EA 940 expandable ion meter. All experiments were
conducted at 22 ± 1 °C.
Fluid Characterization
To determine the tar composition, 0.05 g of tar was dissolved in 10 mL dichloromethane
(DCM) containing 2-fluorobiphenyl and m-terphenyl as internal standards. Twenty-six
compounds, including the 16 EPA priority pollutant PAHs, were quantified using a Hewlett-
Packard 5890 gas chromatograph equipped with a flame ionization detector (GC-FID) and a
Hewlett-Packard 7673 autoinjector system. Peak identification was confirmed with a gas
chromatograph equipped with a mass spectrum detector (GC-MS). The GC-FID was
calibrated with six standard solutions containing concentrations ranging from 0.3 to 500 mg/
L.
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Asphaltenes were extracted with n-pentane and reprecipitated from toluene. Acids and bases
were extracted with 1 M NaOH and 10% H2SO4, respectively. Details of the methods used
for the asphaltene, acid, and base extractions are provided in Supporting Information.
Density was measured with an Anton Paar DMA 48 density meter. Tar dynamic viscosity
(μt) was measured with a TA Instruments AR-G2 rheometer at a shear rate of 1 s−1. The
viscosity of XG solutions with 0, 0.2, and 0.5% NaOH was measured over a shear rate (γ̇)
range of 10−4 to 10 s−1. The solutions containing NaOH were analyzed within 1 hour of
being produced.
IFT and Contact Angle
IFT was measured using the pendant drop method. An optical glass cell (Krüss) was filled
with aqueous solution (0–1 wt.% NaOH), and a drop of tar was suspended from a stainless
steel needle. A digital video camera captured images of the drop, and Krüss’s Drop Shape
Analysis II (DSA2) software was used to determine the native IFT, for which Δρ =1 g/cm3.
The density of each phase was measured and used to determine the actual IFT. A schematic
of the experimental apparatus is provided in Supporting Information.
Two needle sizes were used, a 16-gauge needle (1.6-mm outer diameter) for IFTs above 1
mN/m, and a 24-gauge needle (0.4-mm diameter) for IFTs between 1 mN/m and 0.05 mN/
m, which was the lower limit of quantification for this method. The magnification of the
optics system was adjusted as appropriate for each needle size. Optical scale calibration was
performed directly by the DSA2 software using needle diameters measured to 0.001 mm
with a digital micrometer. DCM-distilled water interfacial tensions were measured as a
check of the accuracy of the measurements.
IFT was measured with and without prior equilibration. Equilibration entailed combining the
tar and aqueous solution at a 1:3 volume ratio in a centrifuge tube, shaking periodically over
a period of 7 days, and centrifuging at 3200 rpm (1700 g) for 20 minutes prior to
measurement. This volume ratio was chosen based on an assumed residual tar saturation of
0.25 for the column experiments.
Contact angles were measured using the same instrumentation and software as for the IFT
measurements. The measurements were conducted on a 25 mm × 25 mm quartz slide
(Chemglass) placed in the glass cell. The interaction between the tar and the needle used to
dispense the drop was found to greatly impact the drop shape, and therefore an inclined plate
method was used to determine the advancing (θA) and receding (θR) contact angles. A drop
was dispensed on the quartz slide and the stage was tilted until the drop just began to move
along the surface of the slide. Images captured immediately prior to the movement of the
drop were used to measure the angle (through the aqueous phase) on each side of the drop.
Contact angle measurements were conducted with the equilibrated tar and aqueous phases.
Between each sample, the glass cell and quartz slide were rinsed sequentially with methanol,
n-methylpyrollidinone (NMP), DCM, methanol, and DDI water, followed by a 15 min soak
in NaOH-saturated ethanol and a final, thorough DDI rinse.
Column Studies
Column studies were conducted in 2.5-cm inner diameter glass columns that were adjusted
to 10 cm in length. The influent and effluent tubing, along with all associated fittings, were
constructed of PTFE. Water and flushing solutions were pumped using Harvard Apparatus
PHD 4400 programmable syringe pumps. A schematic of the column apparatus is provided
in Supporting Information.
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The columns were dry packed with a sieved fraction (#25 to #35 mesh) of a natural quartz
and feldspar sand, using an air vibrator to ensure complete compaction. This sand was used
since it is more representative of natural mineralogy and grain shapes than glass beads or
pure quartz sand that are commonly used for this type of experiment. The intrinsic
permeability was determined to be 2.2±0.4 ×10−7 cm2 for a representative column by
measuring the head difference between the inlet and outlet over a range of flow rates.
Further characterization of the original soil is presented elsewhere (44). After packing, the
column was flushed upward with carbon dioxide for 30 minutes at a rate of 20–30 mL/min
to displace the air from the column. This was followed by a several pore volume flush of pH
7 buffer to displace and dissolve the carbon dioxide. Porosity was calculated for each
column based on the bulk density.
Tar was injected upward into the column to achieve a NAPL saturation (Sn) approaching 1.
A water flood was conducted to create a residual tar saturation by flushing the pH 7 buffer
downward until tar was no longer present in the effluent. Column experiments were
conducted using 0.2, 0.35, and 0.5% NaOH solutions with and without the addition of 5000
ppm XG. An additional column was flushed with a 5000 ppm XG solution without NaOH.
Chemical flushes were conducted in a downward direction and performed until no tar was
present in the effluent. The column was then flushed with several pore volumes of the pH 7
buffer. Effluent samples of between 5 and 30 mL were collected during the water and
chemical flushing. Tar removal was quantified by extracting the tar in the effluent samples
with sequential portions of DCM, centrifuging and pipetting off the organic phase between
each step, and analyzing the extract by GC-FID as described above. Internal standards were
added directly to the effluent samples to account for extraction losses and matrix
background. The mass of six individual compounds (naphthalene, 1- and 2-
methylnaphthalene, acenaphthene, fluorene, phenanthrene) in each sample was determined
and divided by the known mass fraction of that compound in the tar. These six values were
averaged to provide an estimate of the tar mass in the sample. This approach was tested by
adding a known mass of tar to DDI-filled centrifuge vials, and extracting as for the samples.
These tests indicated that such an approach was accurate to within 0.4%.
Aqueous-phase concentrations of PAHs were measured before and after the alkaline
flushing for select columns. Aqueous effluent samples were collected in acetonitrile
containing deuterated anthracene as an internal standard. The samples were filtered with 0.2
μm PTFE syringe filters (Fisher), allowing the first 1 mL to go to waste. Analysis was
performed by high-performance liquid chromatography (HPLC) (Waters 600S controller,
616 pump, and 717 autosampler) equipped with a multi-wavelength fluorescence detector
(Waters 2475) as described in (45).
At the completion of the flushing, the soil was split into four segments along the length of
the column, each of which was homogenized and divided into three centrifuge vials. Internal
standard and Na2SO4 (10 g) were added, and the tar was extracted with one 15-mL and three
10-mL portions of DCM. The vials were shaken and centrifuged between each step, and the
supernatant from each sample was combined and diluted to 50 mL. The samples were then
analyzed by GC-FID.
Results
The tar composition is presented in Table 1. The density of the tar was 1.0800 ± 0.0004 g/
cm3 (22°C), and the dynamic viscosity was 190 ± 10 (22°C, 1 s−1). Rheological
measurements of 5000 ppm XG solutions with 0.5% NaOH and without NaOH are shown in
Figure 1. The solution containing 0.2% NaOH yielded results very similar to those of the
0.5% solution. The addition of NaOH resulted in a significant reduction of the viscosity. At
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0.75 s−1, the shear rate (γ̇) estimated to occur in the column using the equation of Hirasaki
and Pope (46), the viscosity is a factor of 2.7 lower for the solution containing NaOH than
the pure XG solution.
IFT and Contact Angle
The measured IFT for DCM in DDI was 27.7 ± 0.6 mN/m (n=7), in good agreement with
literature values, which ranged from 27.4–28.3 mN/m (47–51). The IFT from (47) was
measured at 20°C, while all other literature values were reportedly measured at room
temperature.
The dynamic IFT for unequilibrated tar samples was measured for NaOH ranging from 0.1–
1%. A 0.01% NaOH solution was also tested, but the initial IFT was below the quantitative
limit of the method. The unequilibrated samples showed significant changes in IFT with
time (Figure 2). Initially, the results show a trend of increasing IFT with increasing NaOH
concentration. The trend begins to change at t ≈ 2 min; however, difficulties with drops
releasing from the needle prevented measurement of IFT for some NaOH concentrations
over longer time scales.
Equilibrium IFT was found to decrease steadily as the NaOH concentration was increased
from 0 to 0.5% (Figure 3). The IFT changed little between 0.5 and 1%. IFTs for equilibrated
samples with NaOH concentrations of 0.1–0.4% were significantly higher than the
corresponding non-equilibrated samples. The pH of the solutions was not significantly
altered during the equilibration period, except for the 0.01% solution which exhibited a pH
reduction from 11.40 to 9.88 (see figure in Supporting Information).
The results of the contact angle analyses are shown in Figure 4. With the pH 7 buffer,
contact angles were θR = 71 ± 2°and θA = 18 ± 7°. NaOH solutions of 0.01–0.3% resulted
in much lower θR values, approximately 20°, while the θA values were similar to that of the
buffer. At 0.4% NaOH, θA remained low, but θR increased significantly to about 70°. The
maximum receding angle (137±9°) occurred at an NaOH concentration of 0.5%, with
similarly high values measured for 0.7 and 1% NaOH solutions. Advancing angles for 0.5–
1% NaOH solutions ranged from 35–70°. The results indicate that the lower NaOH
concentrations (0.01–0.3%) reduce the NAPL-wetting tendency of the system, while the
higher concentrations (0.4–1%) increase it. Drummond and Israelachvili (52) reported a
similar shift toward NAPL-wetting for crude oils at high pH and sodium concentrations. The
reported cause of the shift is a combination of the reduction of IFT associated with the high
pH and the reduction of repulsive forces between the NAPL and solid phase resulting from
the high Na+ concentration.
Column Studies
The results of the column experiments are summarized in Table 2 and plots of residual
saturation versus pore volumes (PV) flushed for select columns are provided in Figure 5 (see
Supporting Information for plots of additional columns). The column experiments conducted
without XG (C1–C3) resulted in relatively low removal efficiencies. The 0.2 (C1) and 0.5%
(C3) NaOH solutions removed only 15 and 10% of the residual tar, respectively. The
majority of the tar removed by these columns eluted during the first 2 PV of the alkaline
flushing. The formation of a NAPL bank was observed in both of these columns
immediately after the injection of alkaline solution, but appeared to stall near the top of the
column. Column C2 (0.35% NaOH) resulted in a considerably higher tar removal (44%), but
required approximately 7 PV to do so. The NAPL bank in this column was visibly more
robust than those in C1 and C3, but also became unstable near the top of the column and
failed to uniformly pass through the column.
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Column C4 was conducted with 5000 ppm XG without NaOH to determine the impact of an
increased flushing solution viscosity. This column resulted in the removal of 51% of the
residual tar and a final tar saturation of 0.13.
Columns C5–C10 were all flushed with solutions containing an XG concentration of 5000
ppm and varying NaOH concentrations of 0.2% (C5–C6), 0.35% (C7), and 0.5% (C8–C10).
The viscosity ratio for these columns was about 0.1 at γ̇ = 0.75. The lowest final tar
saturation (0.018, 93% removal) was obtained for a column flushed with a 0.2% NaOH
solution (C5). A duplicate of this column (C6) resulted in a higher 0.037 tar saturation,
apparently due to a small amount of tar trapped along the wall of the column. The columns
flushed with 0.5% NaOH had somewhat higher final saturations, ranging from 0.043–0.048.
Stable NAPL banks were observed in columns C5–C10, and were responsible for the large
majority of the tar removal.
Aqueous phase concentrations of 15 PAHs were measured before and after alkaline flushing
for columns C8–C10. Table 3 shows the results from column C9, which are typical of the
results from the other columns. With the exception of naphthalene, statistically significant
reductions in aqueous phase concentrations were not observed.
Discussion
Consistent with previous MGP tar studies, tar-aqueous IFTs were found to be significantly
lower at higher pH than at neutral pH (10, 11). This work, however, differs from previous
studies in that a higher range of pH (7–13.4) was investigated. Instantaneous measurements
indicated that, after a large decrease between pH 7 and 11.40, IFT generally increased with
increasing NaOH concentration over this range. Measurements of equilibrated samples,
however, showed that lower concentrations of NaOH resulted in relatively high IFTs. At an
NaOH concentration of 0.1%, for example, there is a difference of two orders of magnitude
between the instantaneous and equilibrium IFT. The difference between instantaneous and
equilibrium IFT is much less for solutions with higher NaOH concentrations (0.5–1%). The
change in pH during the equilibration period was minimal for all but the 0.01% NaOH
solution, indicating that other mechanisms are responsible for the observed behavior.
A number of petroleum researchers have investigated the dynamic IFT behavior of crude
oils or synthetic oil-acid mixtures contacted with alkaline solutions (35, 39, 55–59). The
basic mechanisms described in these studies are as follows. The organic acids (HA) present
in the oil or tar are deprotonated at the interface, resulting in a reduction of IFT. The ionized
acids (A−) may subsequently diffuse into the bulk aqueous phase or combine with Na+ ions
to form surface-inactive soap molecules (NaA). The rates and equilibria associated with
these processes are responsible for dynamic IFT behavior. The differences between
instantaneous and equilibrium IFT at different NaOH concentrations observed in this study
could be explained by the higher ionic strength of the 0.5–1% NaOH solutions suppressing
the diffusion of A− away from the interface. However, the formation of NaA would
simultaneously be expected to increase, leading to an increase in IFT. An alternate
explanation relates to the presence of multiple acidic species within the tar. Chiwetelu et al.
(55) showed that the dominant interfacially active species changed from a higher solubility,
lower pKa acid to a less soluble, higher pKa acid as NaOH concentration was increased. A
more recent study (37) found that higher molecular weight petroleum acid fractions required
a higher alkaline concentration to produce an IFT reduction, but resulted in much less time-
dependent IFTs as compared to the lower molecular weight fractions. It is likely that a
similar range of species is present in FMGP tars and contributes to the observed differences
in dynamic IFT behavior at different NaOH concentrations.
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The columns conducted without XG indicate that the reduction of IFT does result in the
mobilization of tar, but that the amount of removal is not correlated with either the
instantaneous or equilibrium IFT values. The column flushed with 0.35% NaOH, which had
intermediate equilibrium and instantaneous IFTs, resulted in a significantly lower final
saturation than both the 0.2% NaOH column (with a lower instantaneous IFT) and the 0.5%
NaOH column (with a lower equilibrium IFT). NAPL-wet conditions are associated with
reduced NAPL recovery, potentially explaining the low recovery for the 0.5% NaOH
solution, which exhibited a high contact angle (16, 60). The reason for the limited
effectiveness of the 0.2% NaOH flushing solution is not immediately clear. A study
investigating alkaline flushing for a heavy crude oil similarly reported that the solution
producing the minimum IFT was ineffective and that a higher alkaline concentration was
required (61). Interactions between the alkaline solution and the solid phase (i.e., silica
dissolution, ion exchange), and the increase of IFT as equilibration occurs likely play a role.
The addition of XG to the flushing solutions greatly improved tar removal, with final tar
saturations below 0.05 for all NaOH concentrations. The final tar saturations for 0.2 and
0.35% NaOH were similar, ranging from 0.018 to 0.037. The slightly higher final saturation
in the 0.5% NaOH columns may be due to the high contact angles observed at this NaOH
concentration. The addition of XG not only increases the viscous forces acting on NAPL
droplets, directly resulting in increased tar mobilization, but also greatly reduces instabilities
in the flushing front, decreasing flow bypassing, and improving NAPL bank formation.
Based on the results of the column experiments, it is clear that the combination of IFT
reduction and increased flushing fluid viscosity results in much more effective tar removal
than either mechanism alone.
The use of NaOH-XG flushing solutions successfully removed between 81–93% of the
residual tar within about 1.5 PV without the use of costly surfactants. Although several
obstacles exist, such a method may have a place in the remediation of MGP sites. As is the
case with all mobilization-based methods, complete removal of contaminants is not attained,
with final saturations of 0.018–0.048. At these saturations, aqueous phase PAH
concentrations would not be expected to be significantly reduced (62), and secondary
remediation techniques, such as cosolvent flushing, in situ chemical oxidation (ISCO), or
bioremediation would likely be required to achieve remediation goals.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Rheology of XG solutions. The results of three analyses and the best-fit power law equation
for each solution are shown. The dashed line represents a shear rate of 0.75 s−1
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Dynamic tar-water IFT. Each point is the average of duplicate values.
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Equilibrated tar-water IFTs for a range of NaOH concentrations. Error bars are the 95% CI.
Hauswirth et al. Page 14














Contact angle measurements. Error bars are the 95% CI.
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Results of select column flushing experiments illustrating the improved tar removal for a
combined NaOH + XG solution versus either NaOH or XG alone: (a) C1, 0.2% NaOH; (b)
C4, 5000 ppm XG; (c) C5, 0.2% NaOH + 5000 ppm XG.
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Table 1
Tar composition and properties. Compound concentrations are the average of 3 injections of 3 samples. All
other values are the average of three analyses. All values are ± 95% CI
Compound Concentration (mg/g)
indane 3.6 ± 0.1
indene 2.2 ± 0.1
naphthalene 95 ± 3
benzo(b)thiophene 3.9 ± 0.1
2-methylnaphthalene 34 ± 1
1-methylnaphthalene 24.4 ± 0.9
biphenyl 5.3 ± 0.2
2-ethylnaphthalene 4.5 ± 0.1
acenaphthylene 2.4 ± 0.1
acenaphthene 11.5 ± 0.4
dibenzofuran 4.1 ± 0.1
fluorene 10.9 ± 0.3
dibenzothiophene 5.5 ± 0.8
phenanthrene 33 ± 1
anthracene 8.9 ± 0.3
carbazole 3.0 ± 0.1
fluoranthene 13.0 ± 0.4
pyrene 14.7 ± 0.5
benzo(a)anthracene 5.3 ± 0.1
chrysene 6.0 ± 0.3
benzo(b)fluoranthene 3.5 ± 0.2
benzo(k)fluoranthene 3.5 ± 0.3
benzo(a)pyrene 4.5 ± 0.5
indeno(1,2,3-CD)pyrene 2.8 ± 0.2
dibenz(a,h)anthracene 1.2 ± 0.1
benzo(ghi)perylene 2.7 ± 0.3
sum 309 ± 4
asphaltenes 168 ± 3
extractable acids 1.8 ± 0.2
extractable bases 0.9 ± 0.3
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